Many G protein-coupled receptor-mediated responses desensitize within minutes. Sustained stimulation of -opioid receptors (MORs), which primarily signal through G i/o proteins, leads to activation and subsequent desensitization of G protein-coupled inwardly rectifying potassium (GIRK) currents. We observed that in neurons of the locus coeruleus, which express among the highest levels of MORs in the brain, the degree of desensitization depended on the intensity of receptor stimulation, indicating that the process is initiated at the receptor. Interestingly, while GIRKmediated postsynaptic inhibition substantially desensitized within 15 min, presynaptic inhibition of afferent transmission, which involves other effector systems, remained constant, suggesting that the postsynaptic desensitization we observed is expressed at the effector. We show that desensitized GIRK currents can gradually be reactivated by additional G protein signals of increasing intensity and present evidence that desensitization is a G proteinmediated process. Finally, desensitization of MOR-induced GIRK currents had heterologous effects on responses mediated by other G protein-coupled receptors converging onto the same population of GIRK channels. Taken together, our results provide evidence for a form of desensitization mediated by a slowly developing G protein-dependent pathway, initiated at the MORs and leading to competitive inhibition of GIRK channel activation. This implies that MORs exert a bidirectional action on GIRK channels.
I
nduction of tolerance and dependence to opiates needs the activation of MORs (1) . As for other G protein-coupled receptors (GPCRs) coupled to G i/o proteins, stimulation of MORs leads to inhibition of adenylyl cyclase by the ␣ subunit of the heterotrimeric G proteins, as well as inhibition of voltagedependent calcium channels and activation of G protein-coupled inwardly rectifying potassium (GIRK) channels directly by the ␤␥ dimers (2, 3) through a membrane-delimited process (4, 5) .
Like many other GPCR-mediated responses, the MORinduced GIRK currents display acute desensitization (6), the molecular mechanisms of which still remain elusive. In analogy with the ␤ 2 adrenergic receptor (7, 8) , MOR-G protein uncoupling resulting from receptor phosphorylation by G proteincoupled receptor kinase (GRK), followed by ␤-arrestin recruitment and subsequent endocytosis via clathrin-coated vesicles has been proposed to underlie desensitization. This model is based on studies in reconstituted systems and correlation between desensitization and internalization (for reviews, see refs. 9 and 10), but to date has not been scrutinized in neurons of acute brain slices.
Understanding the mechanisms leading to desensitization and internalization is of great importance because their absence has recently been suggested to explain the induction of tolerance and dependence by morphine, the prototypical opioid of abuse (11, 12) . However, the reason why morphine in contrast to most endogenous opioids fails to induce both desensitization and internalization of wild-type MORs still remains unresolved.
In the present study, we focused on the acute desensitization of MOR-mediated response by monitoring membrane currents of locus coeruleus (LC) neurons in acute slices of rat brain and observed that pre-and postsynaptic inhibition show a remarkable dissociation in regard to desensitization. This casts doubt on the hypothesis that MOR desensitization in LC neurons is mediated by G protein uncoupling. Our data in turn suggest a G protein-dependent pathway, which leads to desensitization through competitive inhibition of GIRK channel activation. This pathway, which is differentially activated by various agonists, may indeed explain why some induce desensitization (and eventually internalization) of MORs, while others do not.
Methods
Electrophysiology in Acute Slices. Horizontal pontine slices (300 m) were prepared from P10-P21 Sprague-Dawley rat brains in cooled external solution containing (in mM) NaCl 119, KCl 2.5, MgCl 2 1.3, CaCl 2 2.5, NaH 2 PO 4 1.0, NaHCO 3 26.2, and glucose 11, and bubbled with 95% O 2 and 5% CO 2 . Whole-cell voltageclamp recording techniques were used (32-34°C, 2 ml͞min, submerged slices) to measure holding currents and synaptic responses of LC adrenergic neurons. Synaptic currents were evoked by stimuli (0.1 ms) at 0.05 Hz through bipolar stainless steel electrodes positioned caudal to the LC. The internal solution contained (in mM): K-Gluconate 140, NaCl 4, MgCl 2 2, EGTA 1.1, Hepes 5, Na 2 ATP 2, Na 2 -Creatine-phosphate 5, and Na 3 GTP 0.6, supplemented in some experiments with caged-GTP␥S (0.5 mM, Molecular Probes). Currents were amplified (Visual patch 500, Biologic, Grenoble, France), filtered at 1 kHz, and digitized at 5 kHz (National Instruments Board PCI-MIO-16E4, Igor, WaveMetrics, Lake Oswego, OR). A liquid junction potential of Ϫ13 mV was corrected.
Caged-GTP␥S was photolyzed by a brief UV flash (330-385 nm), using the epifluorescence attachment of the Olympus BX50WI microscope controlled by a Uniblitz shutter (Vincent Associates, Rochester, NY). Typically, a 100-ms flash (attenuated by a ND25 filter) elicited maximal responses. In cells not loaded with GTP␥S, a UV flash of similar intensity and duration did not induce any detectable current.
In many LC neurons voltage stepped to Ϫ113 mV (20 of 30), [D-Ala-2, NMe-Phe-4, Gly-5-ol]-enkephalin (DAMGO)-elicited currents did not reverse polarity. This is indicative of a limited space-clamp, which has been explained by electrotonic coupling of LC neurons with other cells of the LC via gap junctions (13, 14) . Other cells however were found to have nice space-clamp as indicated by a reversal potential (E rev ) of the DAMGO-elicited response close to the calculated potential equilibrium for poAbbreviation: GPCR, G protein-coupled receptor; MOR, -opioid receptor; DAMGO, [D-Ala-2, NMe-Phe-4, Gly-5-ol]-enkephalin; GIRK, G protein-coupled inwardly rectifying potassium; SST, somatostatin; ␣2AR, ␣2 adrenergic receptor; MD, methadone; ME, [Met-5]-enkephalin; UK, UK14,304; Nal, naloxone; IPSC, inhibitory postsynaptic currents; LC, locus coeruleus. tassium ions (E K ϭ Ϫ106 mV; see Fig. 1 ). The degree of desensitization in response to DAMGO in coupled and uncoupled cells was similar (Ͻ5% difference, no significance) and data therefore compiled.
Compiled data are expressed as means Ϯ SE. For statistical comparisons the nonparametric Mann-Whitney or Wilcoxon matched tests were used and the level of significance was taken at P ϭ 0.05.
Drugs. Baclofen was bought from Tocris Neuroamin (Bristol, U.K.), somatostatin (SST) from Bachem (Bubendorf, Switzerland), DAMGO, [Met-5]-enkephalin (ME), endomorphin1 (EM-1), naloxone (Nal), ICI174,864, UK14,304 (UK), Yohimbine (Yoh), kynurenic acid, U73,122, bestatin, and thiorphan from Sigma, and morphine and MD from Amino AG (Neuenhof, Switzerland). Because desensitization of 30-M ME-elicited responses were unaffected by enkephalinase inhibitors (20 M bestatin plus 2 M thiorphan), alone or in combination with the ␦-opioid receptor (DOR) antagonist ICI174,864 (1 M), data were compiled.
Results

Desensitization of MOR-Elicited GIRK Currents Is due to Channel
Closure. In line with previous reports (6, (15) (16) (17) , application of the selective MOR-agonist DAMGO at 1 M evoked an outward current that showed substantial desensitization associated with an increase of the membrane resistance within 15 min in the continuous presence of the agonist (Fig. 1 A) . The currentvoltage (I-V) relationships of the response at the peak and after desensitization showed both inward rectification and a reversal potential (E rev ) close to the calculated equilibrium potential for potassium ions (E K ϭ Ϫ106 mV; Fig. 1B ). In addition, the response was completely abolished by 1 mM extracellular barium (Fig. 5B) , a GIRK channel blocker. These observations indicate that the MOR-elicited response and its desensitization are mediated by the opening and subsequent closure of GIRK channels.
Desensitization Depends on the Intensity of MOR Activation. To investigate the relationship between receptor activation and response desensitization, we first examined the effect of various DAMGO concentrations ( Fig. 1 A and C) . After 15 min of 0.1 M DAMGO application, the residual outward current was 85 Ϯ 6% (n ϭ 4) of I max , while it dropped to 53 Ϯ 5% (n ϭ 5) with 10 M. Both values were significantly different from the desensitization observed with an intermediate concentration of
We next tested MOR-agonists of various efficacies at saturating concentration (Fig. 1C) . The partial agonists morphine (10 M) and MD (1 M) elicited submaximal GIRK currents, which showed almost no desensitization (92 Ϯ 5%, n ϭ 5 and 102 Ϯ 6%, n ϭ 4, respectively; P Ͼ 0.05 for a hypothesized mean of 100%). At the other end of the spectrum, the full agonists met-enkephalin (ME, 30 M) and endomorphin-1 (EM-1, 3 M) triggered responses that strongly desensitized (52 Ϯ 2%, n ϭ 15 and 61 Ϯ 2%, n ϭ 5, respectively).
Plotting mean normalized residual MOR-elicited currents at the end of agonist application (I 15min ͞I max ) as a function of the corresponding averaged maximal current (I max ) reveals an inverse correlation (r 2 ϭ 0.95; Fig. 1D ). Maximal activation of another G i/o -coupled receptor expressed on LC neurons, the ␣ 2 adrenergic receptor (␣ 2 AR) elicited hardly desensitizing GIRK currents (Fig. 1D) , arguing against induction at the level of the GIRK channels. Furthermore, plotting normalized residual MOR-elicited currents after 15 min of 1 M DAMGO as a function of I max for each cell does not reveal any correlation (r 2 ϭ 0.1; Fig. 1D Inset) . This indicates that the degree of desensitization depends neither on the number of MORs and GIRK channels activated nor the identity of the agonist, but mainly on the intensity of receptor stimulation (6).
MOR-Mediated Presynaptic Inhibition Does Not Desensitize.
It is well known that DAMGO causes a depression of the fast GABA Amediated receptor inhibitory postsynaptic currents (IPSCs) due to an inhibition of transmitter release by presynaptic MORs (18) . We examined the time course of this presynaptic inhibition with ME, the MOR-agonist found to induce the highest degree of GIRK current desensitization. In addition, these experiments were carried out in the presence of the ␦-opioid receptor (DOR) antagonist ICI174,864 (1 M) to discard possible interference from DOR-mediated effects, and transmitter release was boosted (extracellular calcium 5 mM and paired-pulse stimulation) to ensure that IPSCs were not completely abolished. As shown in Fig. 2 , monitoring presynaptic inhibition in such a dynamic range revealed a uniform level of depression throughout the agonist application (97 Ϯ 3% and 98 Ϯ 4% of initial inhibition after 15 min for the first and second IPSCs, respectively), despite a substantial concomitant desensitization of the GIRK currents (I max ͞I 15min ϭ 49 Ϯ 5%, n ϭ 6).
It has previously been shown that postsynaptic inhibition is mediated by the activation of GIRK channels (19) , whereas presynaptic inhibition is caused by an inhibition of Ca channels, direct effects on the release machinery downstream of Ca entry (20) , or activation of voltage-gated potassium channels (21) . Given these different effector systems, our observation that presynaptic inhibition did not change while postsynaptic inhibition strongly desensitized argues against uncoupling of G proteins from MORs as the main underlying mechanism. Moreover, it suggests a locus of desensitization downstream of the MORs, possibly at the level of the GIRK channels themselves.
Reactivation of Desensitized GIRK Currents. To test whether desensitization might be due to GIRK channel inactivation, we first tested whether phosphatidylinositol 4,5-bisphosphate (PIP 2 ), essential for GIRK channel gating (22) , may deplete during sustained MOR activation and could account for desensitization (23) . However, the application of the selective phospholipase C (PLC) inhibitor U73,122 (30 M, preapplied for 10 min) did not affect desensitization (70 Ϯ 4%, n ϭ 3, vs. 67 Ϯ 2%; data not shown). We then attempted to reactivate desensitized GIRK currents by providing an additional G protein signal. Neurons of the LC are known to express ␣ 2 adrenergic, GABA B , and SST 2 receptors [␣ 2 ARs, GABA B Rs, and SST 2 Rs (15)], which also signal through G proteins of the G i/o family. In accordance with the literature (24) , responses mediated by these three receptors and MORs proved to be mutually occlusive. For example, the ␣ 2 AR-agonist UK14,304 (UK) at a saturating concentration of 3 M, when applied at the peak of a maximal DAMGO-elicited current, did not elicit any substantial additional current (3 Ϯ 2%, n ϭ 4; Fig. 3 A and C), confirming that ␣ 2 ARs and MORs signals converge onto the same GIRK channel population. We next applied UK (in addition to DAMGO) in the desensitized state of the MOR-elicited response and were able to partially restore the initial DAMGO-elicited GIRK currents (from 60 Ϯ 3% to 83 Ϯ 4% of I maxDAMGO ; Fig. 3 B and C) . Further reactivation could be obtained when SST (3 M) was added onto DAMGO plus UK (91 Ϯ 2% of I maxDAMGO , n ϭ 4; Fig. 3C ).
These results indicate that desensitization is not due to GIRK channel inactivation, but suggest competitive inhibition of GIRK channel activation because it can be overcome by additional G protein signals.
Heterologous Desensitization. The partial reactivation of desensitized GIRK response by addition of UK onto DAMGO suggested heterologous effects because in naive cells, full stimulation of ␣ 2 ARs with 3 M UK elicited currents of similar amplitude as 1 M DAMGO (94 Ϯ 2%, n ϭ 13; Fig. 4 A and E). Heterologous desensitization was confirmed by the observation that the maximal current elicited by a UK application was of similar amplitude as the preceding desensitized DAMGO response (I maxUK ͞I 15minDAMGO ϭ 97 Ϯ 7%, n ϭ 13; Fig. 4 C and  E) . In other words, on naive slices ␣ 2 AR-elicited responses were significantly larger than in slices exposed to 15 min of DAMGO (P Ͻ 0.01). This heterologous desensitization was not induced by Nal because if the MOR-induced response was reversed by Nal before substantial desensitization occurred, subsequent ␣ 2 ARelicited response was of similar amplitude as the MOR response (Fig. 4B, n ϭ 3) . As for homologous desensitization, heterologous desensitization could be overcome by an additional G protein signal through SST 2 Rs stimulation (Fig. 4 D and E) .
Moreover, heterologous desensitization is not specific for ␣ 2 ARs because it was also observed with other receptors coupled to G i/o proteins, such as SST 2 Rs and GABA B Rs (Fig. 4E) . Finally, examining the degree of heterologous desensitization of ␣ 2 AR-mediated response as a function of the degree of homologous desensitization induced by various MOR agonists (see Fig.   1) revealed a close correlation (r 2 ϭ 0.91; Fig. 4F ). These observations suggest that homologous and heterologous desensitization are mediated mainly, if not exclusively, by the same molecular mechanisms.
These results differ quantitatively from previous reports, which found homologous to exceed heterologous desensitization (6, 15, 17) . The main methodological difference is that in the present study Nal was used to terminate MOR-induced responses. This seemed to delay recovery from heterologous desensitization. Indeed, in experiments with ME, which is easily washed from the slices, subsequent UK-mediated responses elicited at increasing time intervals showed that heterologous desensitization almost completely recovered within 30 min (Fig. 4 G and H) , while it persisted for at least for 30 min if ME was reversed with Nal (Fig. 4 F and  G) . This effect may be linked to the role of Nal as an inverse agonist. Indeed, reversal of desensitized GIRK currents with the selective antagonist CTAP did not prevent resensitization over the same time period (Fig. 4F) .
GTP␥S Enhanced Desensitization.
To test whether desensitized GIRK currents could be reactivated by amplifying the G protein signal initiated by MORs, instead of other GPCRs as in Fig. 3 , we loaded the cells with caged-GTP␥S, a photo-releasable nonhydrolyzable GTP analogue. This compound becomes biologically active on brief exposure to UV light and strongly and irreversibly amplifies G protein signals. When photo-released at the peak of the DAMGO-elicited current, only a small additional current could be recruited (13 Ϯ 5%, n ϭ 5; Fig. 5 A and C), indicating that 1 M DAMGO activates virtually all GIRK channels in LC neurons and that GTP␥S does not activate any other outward current. However, when performed after desensitization, a UV flash was sufficient to fully restore maximal DAMGO-elicited GIRK current amplitude (from 65 Ϯ 2% to 99 Ϯ 5% of I maxDAMGO , n ϭ 5; Fig. 5 B and C) . This GTP␥S-reactivated current is mediated almost exclusively by GIRK channels, because in the presence of 1 mM barium, photolysis of caged GTP␥S did not evoke any outward current, but a small inward current (20-80 pA, n ϭ 3; Fig. 5B) .
Surprisingly, the reactivation induced by GTP␥S (Fig. 5B ) was only transient and, over 10 min, the current ''re-desensitized,'' as reflected by an increase of the membrane resistance (Fig. 5B  Inset) . Analysis of the experiments, where GTP␥S was photoreleased at the peak, also showed an apparent increased desensitization and concomitant increase of membrane resistance (Fig. 5A Inset) . Interestingly, the desensitization that followed photolysis of caged GTP␥S was developing more quickly when the UV flash was performed in the desensitized state (Fig. 5B ) rather than at the peak (Fig. 5A ) of the DAMGO-elicited response ( ϭ 64 Ϯ 2 s vs. 156 Ϯ 22 s, n ϭ 4, P Ͻ 0.01; Fig. 5D ). This suggests that the desensitization is itself a G protein dependent process because photolysis of GTP␥S led to stronger amplification when the process was fully activated after 15 min. Finally, examination of the effect of GTP␥S photo-release in absence of any agonist application revealed that it activated both an outward current and its desensitization, as well as a small inward current (Fig. 5E ), indicating that in LC neurons, G proteins involved in the desensitization of GIRK currents do show a basal activity independent of receptor stimulation.
Discussion
Desensitization Is Initiated at the MOR. In LC neurons, partial agonists like morphine or MD hardly induced desensitization, while full agonists such as DAMGO, ME, and endomorphin-1 (EM-1) yielded strong desensitization when applied at saturating concentrations and weaker desensitization when applied at lower concentrations ( Fig. 1; ref. 6) . Desensitization therefore appears to be a function of the intensity of receptor stimulation, which implies that desensitization is actually initiated by the receptor. The ME data, where the agonist was washed from the slice (ME 30 M wash, also see below) or antagonized with CTAP, were not included for the calculation of the regression. (G) Representative records of currents evoked by ME (30 M, 15 min) and subsequent UK (3 M) applications separated by increasing duration of ME washout (from left to right: 5, 12, and 30 min). The right trace is scaled and superimposed onto a recording (light gray) where the MOR-induced currents were reversed by 30 min of Nal (1 M) application. (Scale bars, 100 pA and 10 min; V h ϭ Ϫ73 mV.) (H) Bar graph representation of mean (ϮSE) normalized responses evoked by 3 M UK (n ϭ 3) before 30 M ME and after increasing ME washout duration (n ϭ 3-4). Responses are expressed as percent of the peak ME-elicited response in the same cell.
Desensitization Is Expressed at the Effector. In addition to activating GIRK channels, MORs also inhibit presynaptic release of GABA through other effectors (25, 26) . Indeed, in the hippocampal slice, it has been shown that GPCR-mediated postsynaptic hyperpolarization is mediated by GIRK channel activation, whereas presynaptic inhibition of transmitter release works via other effectors (27) . Our observation that, over 15 min, MORelicited presynaptic inhibition remained unchanged while postsynaptic GIRK currents strongly desensitized, suggests that desensitization is expressed downstream of the MORs, possibly at the level of the GIRK channels.
The observation that GIRK currents elicited by ␣ 2 ARs, GABA B Rs, and SST 2 Rs are decreased after MOR-induced desensitization supports this hypothesis.
We also showed that the heterologous desensitization of ␣ 2 AR-mediated GIRK currents correlates very closely with the degree of desensitization of the MOR-induced response (Fig.  4F) . Taken together, these data argue for a common mechanism of both homologous and heterologous desensitization leading to inhibition of GIRK channel activation. This interpretation differs from the previous one that the two forms of inhibition were independent (6, 15). This conclusion was based on the observation that homologous desensitization exceeded heterologous desensitization. However, as shown here, direct comparison within the same cell under conditions that induced full desensitization (longer applications of saturating agonist concentrations) and rapid reversal with Nal reveal that there is a close correlation between the two forms of desensitization (Fig. 4F) . It seems that under these conditions very closely overlapping pools of GIRK channels were activated, which may not be the case at the lower concentrations (28) .
Desensitization Occurs Through Competitive Inhibition of GIRK Channel Activation. Providing an additional G protein signal by means of ␣ 2 AR stimulation onto the desensitized MOR-mediated signal led to partial reactivation of desensitized GIRK currents (Fig. 3) . Furthermore, providing a further additional G protein signal through stimulation of both ␣ 2 ARs and SST 2 Rs or a much stronger one through photo-release of GTP␥S led to increased or full reactivation of MOR-induced desensitized currents, respectively (Figs. 3 and 5) . A first sight, these observations seem to contradict the heterologous desensitization data (Fig. 4) . In the reactivation experiments, however, the G protein signals generated by MORs and ␣ 2 ARs add to activate GIRK channels, whereas in the heterologous desensitization experiments the ␣ 2 AR signal followed inhibition of the MOR. Reactivation therefore depended on the intensity of the additional G protein signal, suggesting that desensitization is due to competitive inhibition of GIRK channel activation.
Desensitization May Be a G Protein-Dependent Process. Interestingly, MOR-induced desensitization of GIRK currents was enhanced after photo release of GTP␥S. This is in contrast to results obtained in oocytes coexpressing MOR with GIRK1͞2 where nonhydrolyzable analogues of GTP eliminated a much faster form of desensitization occurring within 30 s (29) , suggesting that desensitization in our system is determined by additional mechanisms that may not be present in oocytes. Furthermore, given the bidirectional effect of GTP␥S on GIRK currents when photo released, it seems possible that both effects were active simultaneously when GTP␥S is slowly applied. Moreover, we find that in slices where some GIRK channels are activated under basal conditions (19) , photo release of GTP␥S, in the absence of any agonist, rapidly activates GIRK currents but also triggered their desensitization (Fig. 5E ). In contrast, in cultured cells of the LC, dialysis with GTP␥S activated GIRK currents only in combination with agonist applications, and had only very little effect on basal currents (30) .
We show that flash photolysis of caged GTP␥S also triggered a small inward current, which is not related to MOR activation. On its own, the inward current is insufficient to explain the increased desensitization observed when GTP␥S was uncaged during MOR stimulation. Moreover, desensitization was associated with an increase of membrane resistance.
We cannot exclude the possibility that photo-released GTP␥S activated G proteins other than G i/o , such as G q proteins, which have been suggested to inhibit GIRK channels (31) . This may indeed explain the intriguing observation that desensitization of MOR-induced GIRK currents is actually enhanced in the presence of type 2 muscarinic receptor activation (ref. 15 and data not shown). Such a scenario would however not explain the observation that uncaging GTP␥S in the desensitized state led to faster and more intense desensitization compared with photo release at the peak of the DAMGO-elicited response, unless these inhibitory G proteins participate in the desensitization process. Indeed, it is important to recall that GTP␥S does not activate G protein per se but only amplifies underlying G protein-dependent signals. The increased rate of desensitization induced by GTP␥S photo released after desensitization of the MOR-elicited response implies that an underlying G protein signal at this time is stronger than at the peak of the response. Our results therefore suggest that desensitization of the MORelicited GIRK currents may be a G protein-dependent process.
A Model for Desensitization of MOR Signaling. Based on our results, we propose a model in which sustained intense activation of MORs would activate a G protein-dependent pathway leading to competitive inhibition of GIRK channel activation. The nature of the inhibitory factor is presently unknown, but there are a few candidate mechanisms known to inhibit GIRK channel activation that could potentially be involved in MOR-induced desensitization.
First, phosphatidylinositol 4,5-bisphosphate (PIP 2 ) has been shown to be essential for gating of GIRK channels (22) and MOR activation may stimulate phospholipase C (PLC) (32) . However, inhibiting PLC did not affect desensitization. Moreover, PIP 2 depletion would be expected to induce noncompetitive inhibition and would therefore be difficult to reconcile with our observation that desensitized GIRK currents can be gradually reactivated by additional G protein signal of increasing intensities. For these reasons, we do not think that PIP 2 depletion would explain desensitization.
Competitive inhibition of GIRK channel activation can be achieved either by decreasing free ␤␥ or by displacing ␤␥ from its binding site at the GIRK channels. The former possibility may result from the activation of a ␤␥ scavenger, such as GRK2 or GRK3, which through their carboxyl terminus, in a phosphorylation-independent process, act as ␤␥ sinks (33) .
Alternatively, it is possible that sustained receptor activation would induce a switch in the type of G proteins recruited, a mechanism that has been reported for ␤ 2 ARs (34). This may lead to the activation of ␤␥ dimers composed of different subunits that may have different functional consequences on GIRK channels. For instance, it has been reported that, in heterologous expression systems, ␤5␥2 dimers inhibit GIRK currents (35) .
Functional Implications and Conclusions. It has recently been suggested that the induction of tolerance and dependence may result from the absence of desensitization and internalization of MORs (11, 12) . The MOR-signaling pathway we describe may explain why some agonists (e.g., DAMGO) induce both desensitization and internalization of wild-type MORs, while others (e.g., morphine) do not. Indeed, only the formers would activate this pathway that induce desensitization and may trigger MOR phosphorylation and internalization. Moreover, heterologous desensitization and GIRK current reactivation from desensitization indicates that opioid and other GPCRs systems can undergo cross-talk in a complex fashion that may participate in the induction of dependence. Dissociation of the desensitization of MOR-mediated presynaptic and postsynaptic inhibitions may also have important consequences in the induction or the maintenance of dependence. Finally, the observation that Nal delays resensitization suggests that it has effects beyond the termination of the MOR signal, possibly through affinity to a particular state of the receptor, and hence raises the possibility that the withdrawal syndrome precipitated by Nal may have specific characteristics.
Taken together, our data suggest that desensitization of MOR-induced GIRK currents is mediated by a G protein dependent pathway, which inhibits GIRK channel activation. This implies that MOR is capable of bi-directional signaling. This pathway may reveal targets for drugs that induce analgesia without dependence.
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